Occupational exposure to arylamines such as benzidine, 2-naphthylamine, and 4-aminobiphenyl is associated with exceptionally elevated risks of bladder cancer (up to 100-fold or more). In one plant, all 15 workers involved in distilling naphthylamine developed bladder cancer, suggesting that for high levels of exposure to potent carcinogens individual susceptibility is irrelevant. More recently, exposure to other arylamines also has been suggested to increase the risk of bladder cancer in humans. In addition, cohort and case-control studies suggest that several job titles or exposures may involve elevated risks of bladder cancer. Some of these jobs or exposures (such as in the aluminum industry) are associated with exposure to arylamines. Arylamines are found also in tobacco smoke, and different sources of evidence suggest that they can explain the risk of bladder cancer, which has been shown clearly in smokers. Epidemiologic analyses of timing of exposure in workers occupationally exposed to arylamines or in air-cured tobacco smokers suggest that arylamines exert both an early-and a late-stage activity, compatible with a two-mutation theory of bladder carcinogenesis. -Environ Health Perspect 1 02(Suppl 6): 7-10 (1994) 
Occupational Exposure to Defined Carcinogenic Arylamines
According to the working groups of the International Agency for Research on Cancer Monographs Programme, seven arylamines have been classified as carcinogenic to humans (group 1) or probably carcinogenic to humans (group 2A). In addition to three specific occupational chemicals (2-naphthylamine, benzidine, and MOCA), one drug (Chlornaphazine), one group of industrial compounds (benzidine-based dyes, i.e., Direct Black 38, Direct Blue 6, and Direct Brown 95), and two manufacturing processes (manufacture of auramine and magenta) have been listed (1) . Whereas for the other chemicals or industrial processes the evidence of carcinogenicity in humans was sufficient, benzidine-based dyes and MOCA were considered probably carcinogenic because of a high level of evidence in experimental animals.
Following anecdotal reports and experimental work in dogs (2) , the carcinogenicity of arylamines such as 2-naphthylamine and benzidine was clearly demonstrated in the 1950s in a well designed epidemiologic investigation on British chemical workers (3). Case and colleagues were able to obtain from the chemical industry nominal rolls for all workers, including information on their job titles and the chemicals they manufactured. Overall, 4622 men in 21 firms were enrolled, and mortality from bladder cancer was ascertained. The observed deaths exceeded by far those expected among workers exposed to 2-naphthylamine and benzidine, while lower excesses were reported for aniline and 1-naphthylamine (Table 1) . However, subsequent studies did not confirm that the latter substances were carcinogenic, and the apparent excess was probably because of contamination from 2-naphthylamine (1). The average induction period of bladder cancer after exposure to 2-naphthylamine and benzidine was 16 yr (3). The peculiar conditions that made the study by Case and colleagues feasible should be stressed: the availability of nominal rolls with detailed knowledge of individual chemical exposure, including timing, is in fact rather unusual in occupational epidemiology. In addition, potent carcinogens were investigated, and this entailed high-statistical power to detect a causal association.
Other studies have reported considerable increased risks of bladder cancer in workers exposed to 2-naphthylamine, benzidine, and 4-aminobiphenyl ( Table 2) . The different entity of risk ratios probably reflects different levels of exposure. Important evidence strengthening the cause-effect relationship comes from the observation that cessation of exposure to benzidine was followed by a decline of the incidence of bladder cancer (4) .
In one case, all 15 workers involved in distilling of 2-naphthylamine in a small plant in England developed bladder cancer: this observation is important because it shows that in exceptional situations (high levels of exposure to potent carcinogens) individual susceptibility is irrelevant (5) .
In addition to the arylamines shown in Table 2 , recent evidence suggests o-toluidine as a bladder carcinogen. In their study, Rubino et al. (6) found a 62-fold Cl, confidence interval. aFour studies for which the study base was not defined were deleted from the table.
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exposure to arylamines? The answer is quite uncertain because we know very few occurrences in which well-documented exposure to arylamines was associated with increased risk of bladder cancer. In many other investigations, particularly of the casereferent type, we only measure-sometimes consistently across studies-increased risks for job titles without knowledge of arylamine exposure. An attempt to measure the population attributable risks (PAR) was made recently using evidence from published case-control studies that adjusted the estimates by smoking habits (14) . In all the PAR estimates, we have included workers of dye-producing plants, rubber workers, and gas workers under the assumption that they were exposed to arylamines. In addition, we have used three criteria to include job titles into the PAR estimates. According to aCriterion includes rubber workers, dyestuff production, gas workers, petroleum workers, machinists and engineers, truck drivers, garage and gas station workers, and food counter workers and cooks. Criterion II includes the same except petroleum workers, and in addition textile workers, printers, and leather workers. Criterion IlIl includes only textile, rubber, dyestuff, leather workers, truck drivers, machinists, and engineers (attributable risk percent) ( 14) .
the first criterion (the less stringent), we included the job titles in all the published studies associated to bladder cancer risk (odds ratio greater than 1.0) and showing a statistically significant association in at least one study (Table 5 , criterion I). According to the second criterion, a further condition was that the proportion of exposed controls was at least 5%. According to the most stringent criterion, the same conditions applied, but only associations that reached statistical significance in at least two studies were considered (criterion III) (14) . As one can easily see, the PAR estimates vary more between than within studies, suggesting that the criteria used to estimate the PAR are less important than the proportion of workers considered to be exposed in different geographic areas. The reported estimates suffer from several limitations: a) the classification of exposed workers is based on job titles and not on actual knowledge of chemical exposure; b) the classification of workers within job categories is affected by errors that tend to entail underestimation of risks; c) different studies have been conducted with different methods and different classification schemes. Nevertheless, our epidemiologic exercise suggests that the proportion of bladder cancers attributable to occupation varies across geographic areas, depending on the prevalence of exposed workers, from a minimum of about zero to a maximum of 20 to 25%.
Nonoccupational Sources of Arylamines: Tobacco Smoking
Tobacco smoking is a source of arylamines (15) . Briefly, a few studies of traditional and molecular epidemiology have suggested: a) the type of tobacco that has been associated with the highest risks of bladder cancer (air-cured tobacco} is also richer in arylamines (15, 16) ; b) smokers of air-cured tobacco have higher levels of 4-aminobiphenyl-hemoglobin adducts (a marker of internal dose) in their blood compared to smokers of flue-cured tobacco; c) biopsies of bladder cancer from smokers contain a DNA adduct identified as a derivative of 4-aminobiphenyl; d) the same DNA adduct was present in exfoliated bladder cells of smokers; and e) the concentration of 4-aminobiphenyl-hemoglobin adducts in both smokers and nonsmokers was modulated by the N-acetylation phenotype. The latter observation is shown in Table 6 ; irrespective of the smoking status of the subjects, the genetically based slow-acetylator phenotype was associated with higher concentrations of the adduct (16) . Overall, these epidemiologic observations suggest that arylamines such as 4-aminobiphenyl might be responsible for the excess risk of bladder cancer in smokers.
Timing of Exposure and the Risk of Bladder Cancer
The mechanisms of carcinogenesis are an important subject for investigation, and epidemiology can contribute through the study of timing of exposure and cancer onset. Hoover and Cole originally observed that the risk of occupational bladder cancer was higher in workers exposed at younger ages (17) . Detailed analyses of a case-control study and a cohort study, both conducted in the province of Torino, Italy, revealed that the relationship between timing of exposure and the risk of bladder cancer was very similar after exposure to air-cured tobacco and to occupational arylamines ( Table 7) . The risk decreased with increasing time since first exposure and decreased with increasing time since exposure cessation. The trends were almost overlapping for the two exposures, further suggesting that the bladder carcinogenicity of air-cured tobacco may be attributed to arylamines. The fact that both age at start and cessation of exposure have an influence in modifying the relative risk of cancer is interpreted as to suggest that two stages in the mechanism of bladder carcinogenicity are involved (16) , one early and one late. This model is consistent with a two-mutation hypothesis of bladder carcinogenesis. 
